Clinical background
Mesh has been used to treat stress urinary incontinence and prolapse for the past 20 years because it overcomes the need to harvest native tissue, is less invasive, takes less surgical time, and has been thought to reduce the risk of recurrent prolapse. Transvaginal mesh made from polypropylene is used to treat stress urinary incontinence. This operation involves creating a bladder sling using a strip of mesh (referred to as tape) that is inserted through vaginal and abdominal incisions. Similar techniques are used to treat pelvic organ prolapse, with vaginal mesh made from the same material used to support the tissues which hold the vaginal walls and uterus in place. Although the evidence for use of bladder slings is to some extent reassuring, 2 that for vaginal prolapse mesh has been controversial. 3 The many different brands of mesh devices currently available are predominantly polypropylene based. However, they differ in pore size (macroporous or microporous) and fibre configuration (braided, woven, or monofilament); fibres can include a non-absorbable coat with a thin layer of porous collagen, and surface area can vary. 4 Polypropylene mesh shrinks substantially after implantation, by up to 50% after four weeks, which may be associated with serious complications such as severe pain, dyspareunia, and tissue erosion, and often requires repeat surgical intervention. 5 Bacterial contamination is another cause of problems and is found in up to a third of removed meshes. 6 Laboratory data show surface roughness can promote migration of bacteria along fibres, 7 and animal model data show that greater surface area (multifilament meshes have twice the surface area of monofilament meshes) enhances bacterial adherence, 8 which may further promote infection. Infected multifilament meshes have to be removed, 9 and colonisation can occur whatever intraoperative sterility procedure is used. 10 Because meshes are designed to encourage ingrowth of nerves that accompany tissue and blood vessels (the aim of which is to reinforce weakened pelvic tissues), when complications occur mesh can be difficult to remove. 11 12 The accumulating reports of harms attributed to mesh have resulted in more than 100 000 women suing manufacturers globally. Over 1000 women have brought cases in the UK, 13 14 and more than 3000 women are reported to be in litigation in Canada. 15 The number of US cases under litigation outweighs FDA spontaneous reports by 25 times (100 731 litigation cases v 3979 FDA reports), suggesting substantial under-reporting of harms to regulatory bodies. What went wrong?
Inadequate regulatory processes
In the US, transvaginal meshes were initially class II devices (lower risk), permitting them to be cleared for marketing on the basis of equivalence to existing products (predicates) that are already are on the market (Boxed Text on page 2box 1). 19 Over time, multiple submissions can lead to predicate creep, whereby the numerous changes result in a new device that is very different from the original predicate device.
Box 1US and European device regulation
In the US the Food and Drug Administration is responsible for all aspects of device regulation. Lower risk devices (class II) can be cleared for marketing through the less burdensome 510(k) review process. This requires the manufacture to show that the device is substantially equivalent to, or at least as safe and effective as a legally marketed device or "predicate." The mechanism allows the creation of a chain of equivalence, in some cases leading back to devices approved before 1976 (when the Medical Device Regulation Act [21 CFR 807.92] was introduced), 16 and before clinical evidence was required. 17 In Europe approval of devices is managed through over 50 commercial organisations known as notified bodies. A manufacturer selects a notified body to certify a new device. 18 The notified body asks the manufacturer for information about the device and assesses conformity to the essential requirements in three legal directives. If the notified body approves the application, it issues a certificate of conformity, which allows the manufacturer to market the product anywhere in Europe. Clinical data to show equivalence to previous devices can be as limited as a critical narrative review of the relevant scientific literature.
In our linked BMJ Open paper we traced marketing clearance for 61 mesh devices back through a chain of equivalence claims to only two unique originating devices approved in 1985 and 1996. 17 We found no evidence of any new clinical trial data at the time of device approval for all of these 61 devices, with empirical evidence of effectiveness from randomised trials emerging on average five years after approval (range 1 to 14 years).
However, changes in design should have alerted regulators to important differences in the technological characteristics of the mesh that should have negated the use of equivalence. 4 As an example, one of the early devices, the Protegen sling, which was made from polyester, continued to be used as a predicate for more modern devices even though they were made from polypropylene, and despite the Protegen sling being removed from the market.
Reliance on animal testing for biocompatibility
Before marketing, meshes are assessed to determine toxicity to cells (cytotoxicity) how irritative a product or compound is to skin (intracutaneous studies), and whether a material contains chemicals that cause adverse local or systemic effects after prolonged exposure (sensitisation studies). Cytotoxicity is generally examined using mouse media containing fibroblasts in culture, which are then examined for 48 hours for signs of reactivity. In the intracutaneous studies, which may use as few as two animals, 20 observations for erythema are carried out for up to 72 hours after intracutaneous injections of appropriate extracts and controls. Such studies are unlikely to reflect the benefit-harm profile of implantable devices that remain in humans for decades.
However, arguably the most important test is measurement of how compatible a device is with a biological system, so called biocompatibility. The purpose is "protection of humans from potential biological risks arising from the use of medical devices." 21 Mice, rats, and rabbits are routinely used to evaluate biocompatibility because they are easy to handle and low cost and there is experience with using them. 20 However, it is uncertain how closely animal models predict human responses to implantable devices. When a device is to be implanted it is vital that studies should closely approximate intended clinical use to provide a reasonable assessment of potential harms.
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Slow emergence of long term evidence
In 2005, a Cochrane review of surgery for stress urinary incontinence or pelvic organ prolapse highlighted the need for studies with longer term follow-up. 23 At the same time, the UK National Institute for Health and Care Excellence (NICE) stressed the need to inform women about the lack of long term outcomes data.
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The longer term evidence, however, identified serious concerns. In 2009, a review of 127 cases of transvaginal repair using synthetic mesh cited tissue erosion rates over 10%, 25 and complications requiring reoperation were reported to be more common with vaginal mesh kits than with traditional vaginal surgery. 26 A 2010 randomised trial of colpopexy versus prolapse repair with mesh was stopped early because of high erosion rates in the mesh group (16% at three months). 27 A 2011 systematic review of 110 studies of vaginal prolapse repair with graft materials materials (91 of which were non-absorbable synthetic mesh materials) reported an overall erosion rate of 10.3% (range 0% to 30%). Dyspareunia was described in 70 studies and occurred at a rate of 9.1% (range 0% to 67%). 28 In 2011, the FDA published a systematic review of vaginal mesh studies from 1996 to 2011 and reported some pressing problems, overturning its 2008 advice that mesh complications were rare. 29 The FDA also used information reported to its Manufacturer and User Device Experience (MAUDE) database. The FDA cited 3979 reports of serious complications associated with urogynaecological surgical mesh products. The most common complications included erosion of vaginal mesh into surrounding tissues, followed by pain, infection, bleeding, dyspareunia, and organ perforation. 29 Contrary to previous FDA statements, the review concluded that "while transvaginal [pelvic organ prolapse] repair with mesh often restores anatomy, it has not been shown to improve clinical benefit over traditional non-mesh repair."
In 2012, the FDA asked 33 manufacturers of surgical meshes to conduct 119 new safety studies. 17 Our linked BMJ Open study shows that in response, the manufacturers instead ceased market distribution in 79 (66%) cases and changed the indication in 26 (22%) cases. In two orders the manufacturer reported it was no longer in business and one reported the device was not a mesh. In four orders the manufacturer requested their multiple orders should be consolidated into one leaving seven studies under way to assess the risks of harms. 17 The FDA reclassified vaginal mesh for pelvic organ prolapse repair from a class II device to a class III device in 2016, 30 requiring more stringent testing in trials before clearance.
In the UK the Medicines and Healthcare Products Regulatory Agency (MHRA) published an assessment of the clinical effectiveness of transvaginal meshes for stress urinary incontinence and pelvic organ prolapse in 2014, based on data from an overview of systematic reviews and reports of adverse events. 31 The MHRA stated that the evidence from published reviews was insufficient to assess the benefit to harm balance of meshes for specific procedures; however, it noted differences in patient characteristics, surgical expertise and experience, and patient aftercare, which can affect susceptibility to adverse events.
Although the MHRA included only data from randomised trials in its literature review, it largely failed to report between group comparisons for mesh versus native tissue repair surgery and did not report the quality of the evidence for the outcomes assessed. Since 2005, the MHRA has received a total of 110 reports of adverse events with vaginal mesh implants for pelvic organ prolapse: the most common reports were pain (39), (18) . ). In contrast to the FDA, the MHRA concluded that the "benefits outweigh the risks" for use of mesh and in their review of the information available to them. They stated 'there appears to be no evidence that vaginal mesh implants are unsafe. 31 ⇓ compares the assessments of the two organisations.
In 2016, Cochrane updated its review of the surgical management of pelvic organ prolapse and reported higher reoperation rates for women treated with mesh than with native tissue. Evidence from 37 trials including 4023 women reported that, compared with native tissue repair, mesh probably reduced the awareness of prolapse and repeat surgery for prolapse. However, around 10% of women with mesh would require reoperation for prolapse, urinary incontinence, or mesh exposure. 32 Although these various reviews have attempted to explore long term outcomes, they are hindered by methodological shortcomings, high drop-out rates, and sparse long term data. In a UK trial of transvaginal tape in 344 women, only 177 (51%) provided data at five years, and full subjective and objective data were available for just 121 (35%) women. 33 Long term cohort studies have similarly reported high drop-out rates (median 40% loss to follow-up). 24 The FDA considers that mesh trials have been poorly designed and poorly conducted and have failed to account for variable lengths of patient follow-up. 
Changes to device regulation
In recognition of the growing problems, many countries have already reclassified mesh as high risk, and NICE is recommending transvaginal mesh should not be used to treat vaginal prolapse because of safety concerns. 34 New EU regulations, published in May 2017, mean that clinical investigations for class III and implantable medical devices will be required to provide evidence of safety and performance. 35 Notified bodies will also be redesignated under the new regulations, and those assessing high risk medical devices will be scrutinised to ensure compliance with the regulations. Notified bodies will have to inform competent authorities of their high-risk device approvals, and the competent authority will be able, based on reasonable concerns, to request further advice from expert panels about safety and performance, an important change from the old regulations.
However, there is a three year transition period before these rules fully come into force, in May 2020. We think that these changes are insufficient, and the long delay in implementation does not represent a timely response to patients' needs. The FDA's decision in 2016 to make mesh a class III, high risk medical device means that in the US manufacturers already have to provide clinical trial evidence of the safety and effectiveness of their products before market approval.
In the case of vaginal mesh devices, evidence from large pragmatic trials did not emerge until 20 years after the first products were introduced 36 37 and 12 years after the call for longer term studies. 23 24 In our view, to be considered safe and approved for widespread use, long term implantable devices should have been evaluated in studies with follow-up of at least five years. Limited access could be provided through temporary licences that restrict use to within clinical trials with long follow-up. This would ensure that safety and effectiveness data were available before full marketing authorisation (referred to in the US as investigational device exemption). 38 39 Our proposed model for device development, which is based on methods used for drugs and the IDEAL-D framework, works towards this (⇓).
Finally, we recommend that a patient registry should be established for all implantable devices to enable long term follow-up and surveillance. Twenty years after the first use of vaginal mesh, device manufacturers, the FDA, and professional organisations established the pelvic floor disorders registry. Such registries should include unique device identification so that any shortcomings can be more readily tracked, patterns of use monitored, and patients later judged to be at risk more easily identified.
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